Abstract Hexabromocyclododecane (HBCDD), as one of the most widely used brominated flame retardants (BFRs), is of great concern globally because of its persistence in the environment and negative impacts on humans and animals. HBCDD has been mainly used in flame-retarded expanded (EPS) and extruded (XPS) polystyrene foams for insulation in the construction industry. Most of these products will become a part of the construction and demolition (C&D) waste at the end of their life cycle (30-50 years) which is typically disposed of into landfills or incineration. However, the recycling of this material takes quite a low share compared with landfill and incineration. Consequently, high environmental risks will exist in these disposal approaches due to the HBCDD in C&D waste. Currently, XPS or EPS products containing HBCDD in the construction industry have not reached the end of their life cycle in most countries. Relatively little attention has been paid to this emergency issue by either the government or public. Furthermore, C&D waste is most likely disposed of by direct dumping, simple stacking, or open burning in developing countries. Therefore, this paper highlights the global environmental risks of HBCDD from C&D waste. Areas of research for key problems of HBCDD contained in C&D waste are suggested to help control and finally eliminate the impact.
Introduction
Hexabromocyclododecane (HBCDD), as one of the most widely used additive brominated flame retardants (BFRs), has received significant global concern and been added into Annex A of the Stockholm Convention (www.pops. int). This is because of its persistence in the environment and negative impacts on humans and animals (Brandsma et al. 2009; Covaci et al. 2006; Eljarrat et al. 2009 ). In the current research, HBCDD is proved to have accumulated in organisms and can magnify with the food chain in the upper trophic living organisms. The results of risk assessment of HBCDD in Europe have also showed high concentrations of HBCDD residues in the fishes, and the steady state BCF of HBCDD was found to be 18,100 (log BCF 4.26), which is used as the accumulation criterion in the assessment of HBCDD (EC 2011) . To fulfill the obligations of the Stockholm Convention, there are now 179 countries willing to address the HBCDD issue and s t a r t i n g t o m a n a g e i t w i t h i n t h e i r n a t i o n a l implementation plans (NIPs). Reducing the HBCDD emissions would require a series of national activities including source identification and quantification, development of an emission inventory, substitution innovation, and application and implementation of best available techniques and best environmental practices (BATs/BEPs) for emission reduction. Furthermore, it would need more routine emission monitoring and management and supervision by the responsible agencies. These activities might also require large financial support. The NIP actions will be well integrated with national environmental action plans or environmental strategies to further address and reduce the HBCDD release and pollution in the world. In 2011, global market demand for HBCDD was 31, 000 tonnes, of which about 13,000 was produced in Europe and the USA, and 18,000 in China (POPRC 2011 (POPRC , 2012 . Over 90 % of HBCDD has been extensively used in flame-retardant expanded (EPS) and extruded (XPS) polystyrene foam for insulation in the construction industry with a long service life (30 to 50 years), while the use in textile applications and electric and electronic appliances (high-impact polystyrene (HIPS)) is of a smaller scale. Although the volume is small, studies have found that the exposure from the uses of HBCDD as textiles and electronics also has relative high risk (EU 2011) . Both the Basel and Stockholm Conventions advocate HBCDD production and use to be eliminated with a limited exemption in construction materials, and a labeling or marking system for separating EPS or XPS containing HBCDD from other building materials is needed in its life cycle.
In Europe, HBCDD in insulation began in the 1980s (EU 2011). The volume of construction and demolition (C&D) wastes containing HBCDD is expected to increase greatly after 2030 (POPRC 2011), as buildings containing insulation flame retarded with HBCDD are refurbished or demolished. It is estimated that C&D waste containing HBCDD in 2030 will be approximately 156,000 tonnes in Europe (EC 2011). In developing countries, such as China, substantial C&D waste containing HBCDD will also be generated. In China, XPS and EPS boards containing HBCDD in the construction industry began in 2001, and their usage volume was 36 million cubic meters in 2012 (CSES 2014) . The amount of XPS/EPS insulation boards reached at least 1 million tonnes, most of which will become C&D waste at the end of their life cycle in 2030 to 2060. However, environmental risks of HBCDD from C&D waste have not received enough attention by governments and the public. The purpose of this paper is to highlight the global environmental risks of HBCDD from C&D waste. Areas of research for key problems of HBCDD contained in C&D waste are suggested to help control and finally eliminate the impact.
End-of-life scenarios analysis of HBCDD from C&D waste Reuse and recycling
The separated EPS or XPS insulation materials are recyclable The end of life for EPS and XPS often generates when buildings are demolished or refurbished. EPS and XPS insulation may remain functional as insulation even after a building is out of service. Polystyrene insulation can therefore be salvaged and reused, although the board must be protected and not broken during the removal (USEPA 2014). For example, during the re-roofing of the Dallas Fort Worth International Airport, approximately 90 % of existing XPS material had maintained its thermal and physical properties over the past 17 years and then been reused (Owens Corning 2007) . Additionally, polystyrene insulation boards including EPS or XPS can be ground up and molded with virgin EPS or XPS to form new boards (EC 2008; Hart 2007) . Around 45, 400 and 25,000 tonnes, respectively, of polystyrene and polyurethane are produced in Portugal each year (INE 2007a) . According to the recycle rate (below 40 %) given for Portugal in Europe (EC 2011), the recycle of these materials is still at quite a large scale. However, according to previous studies, HBCDD-containing EPS/XPS which have been partly recycled in packaging including food packaging were found to have potential exposure risk and in buoy with related risk to aquatic organisms (Rani et al. 2014; Hong et al. 2013) . Therefore, after the recycling initiated in the Netherlands and Finland, the recycling of HBCDD-containing EPS and XPS is now not exempted by the Stockholm Convention.
The recycling rate of EPS or XPS insulation materials is relatively low The recycling rate for the inert fraction of C&D waste (concrete waste, scrap steel, cement, stone and brick, and others) exceeds 70 % in developed countries, including several EU countries, Japan, and USA (EC 2011; POPRC 2011; Rodríguez et al. 2015; USEPA 2014) . However, the recycling process lacks practical techniques or a labeling/ marking system for separating EPS or XPS containing HBCDD from other building materials (Coelho and de Brito 2013; POPRC 2011), and the collection and recycling of used EPS or XPS materials have been greatly hindered. The recycling rate of C&D waste containing EPS and XPS in most countries remains relatively low (only 30 % in EU) (EC 2011) . No relevant data have been found for the USA (USEPA 2014). In most developing countries, the situation is even worse than the developed economics. In China, the recycling rate of general C&D waste is only 5 % (NDRC 2014), and large amounts of EPS or XPS building materials containing HBCDD have not reached the end of their life cycle. Most of this waste is mostly dumped or landfilled at life cycle end.
Landfilling and incineration
The environmental risks of EPS or XPS insulation waste containing HBCDD in landfill sites cannot be neglected Substance flow analysis in Japan and Switzerland highlights landfills as long-term sources of HBCDD release (Managaki et al. 2009; Morf et al. 2008; Weber et al. 2011) . Earlier studies have also generally found release of BFRs from landfills in Sweden, Japan, and Canada, where HBCDD was widely detected in the environmental mediums, and in Sweden, the HBCDD in the water, air, and sediment of the landfill is detected to be 3∼9 ng/L, 0.013∼0.18 ng/m 3 , and <0.1 μg/kg d.w. (Remberger et al. 2004; Danon-Schaffer et al. 2014; Osako et al. 2004 ). Weathering and degradation (via microorganisms, UV light, and physical impact) will cause C&D waste to release HBCDD over time to the soil and, to a less extent, to water and air (EC 2008) . Furthermore, much high concentrations of HBCDD-a maximum of 36,000 ng/g dry weightare found in the particulate phase of leachate water in the Netherlands (Morris et al. 2004) , especially when there is organic matter contained in the landfilling waste, which can in some degree accelerate the release of BFRs including HBCDD even at a low concentration (Kajiwara et al. 2014) . However, studies on the release mechanisms of HBCDD from landfilled waste are not clear. In particular, thorough knowledge of environmental partitioning at aqueous-to solid-phase interfaces is insufficient, such as the characterization of HBCDD release to surrounding environmental media. Further, no systematic studies on environmental risks on HBCDD from C&D waste have been done for landfilling sites or stockpiling sites, and risk controls of such HBCDD waste have not been implemented. As many counties where regulated landfills are located lack funds, few protective measures are adopted at landfill sites. Therefore, C&D waste is disposed of randomly by direct dumping or simple stacking. HBCDD releases from these wastes may be more serious.
EPS or XPS insulation waste could be partly disposed of by incineration, and it is studied that through incineration, the HBCDD contained in the polystyrene foam from building and construction market can be greatly destroyed with a rate of 99.9 %, but there are still unknown environmental risks in the process of incineration (Mark et al. 2015) . Incineration of HBCDD and wastes under certain conditions can form polybrominated dibenzo-p-dioxins and dibenzofurans (PBDD/PBDF) (PE 2014), while the formation and release of PBDD/PBDF in BAT/BEP incinerators are of minor concern (Mark et al. 2015; Weber and Kuch 2003) . However, it is noted that the incomplete combustion of polystyrene foams including HBCDD will generate high levels of PBDD/Fs (5 ng g
) (Ebert and Bahadir 2003) . Since there is lack of risk awareness and adequate scientific research, there is no emission restriction for HBCDD and PBDD/ PBDF in the incineration of EPS or XPS insulation waste in nearly all countries. Especially in developing countries, there exist great possibilities of PBDD/PBDF formation in waste incineration and open burning on landfill and backyards, and some poor people of these countries even use EPS and XPS in ovens. All these open burning, poorly functioning incinerators, and accidental fires of buildings can augment the release of PBDD/PBDF in HBCDD contained in C&D waste.
Conclusion and recommendations
Within the frame of the Stockholm Convention, a HBCDD inventory guidance has been developed (Secretariat of the Stockholm Convention 2015) and parties to the convention will develop inventories and action plans to manage HBCDD-containing materials within their national implementation plans and related projects partly supported by GEF. With the Basel Convention, a guideline for environmentally sound management of HBCDD-containing wastes has been developed (Secretariat of the Basel Convention 2014). The Basel Convention summarizes the identification methods of HBCDD waste, such as the HBCDD wastes from production facilities, the mixture production processes and all the potential segments HBCDD wastes including C&D waste may generate in its life cycle. The convention also provides overall process guidelines for environmentally sound management (ESM) of HBCDD-containing wastes, including contents from the sampling, analysis, monitoring, transportation, collection, packaging, labeling, and storage, and guidelines for the end-of-life management. Furthermore, disposal methods of HBCDD wastes such as preprocessing and destruction and irreversible transformation methods are proposed in the convention. Meanwhile, more attention should be paid to the destruction rate of HBCDD and PBDD/PBDF emissions from HBCDD wastes. Besides, the extended producer responsibility of HBCDD and of HBCDD-containing EPS and XPS is regulated in the OECD guidance document (OECD 2001) . However, the potential long-term environmental risks of HBCDD from C&D waste are still apparent and have not been fully addressed. To meet the requirements of the conventions and control these risks, extensive research on scientific problems of HBCDD from C&D waste is necessary; although the Basel Convention developed a technical guidance for ESM of HBCDD-containing waste (Secretariat of the Basel Convention 2014), effective and specific controlling measures are still needed from policy-makers. Firstly, generation and flows of HBCDD from C&D waste should be well understood, and an appropriate inventory for HBCDD emissions from that waste is required. Secondly, studies on the release mechanisms of HBCDD from C&D waste and their environmental fate are important, on this basis, to evaluate the impacts of stack, landfill, and incineration of the C&D waste containing HBCDD on the surrounding environment under various scenarios, and to establish the standards for pollutant discharge control. Thirdly, a key research topic is the development of safe treatment technologies for C&D waste containing HBCDD, such as co-processing of the waste in cement kilns, which is suitable for developing countries. Finally, life cycle assessment (LCA) analysis on the C&D waste management could be strengthened to lower environmental impacts across all life cycle stages.
